HELGE, E. W., and I.-L. KANSTRUP. Bone density in female elite gymnasts: impact of muscle strength and sex hormones. Med. Sci. Sports Exerc., Vol. 34, No. 1, 2002, pp. 174 -180. Purpose: The aim of this study was to investigate BMD in Danish female elite gymnasts and the relationships to maximal muscle strength, sex hormone concentrations, and menstrual status. Methods: Six artistic gymnasts, five rhythmic gymnasts, and six controls aged 15-20 yr served as subjects. BMD (g·cm Ϫ2 ) of lumbar spine, proximal femur, distal radius, and whole body were measured by dual-energy x-ray absorptiometry (DXA) scanning. Maximal muscle strength (Nm) was measured in isokinetic trunk extension, trunk flexion, and knee extension. Serum concentrations of estrogen and progesterone in follicular and luteal phases were evaluated. Results: Three out of six artistic gymnasts had amenorrhea, and two artistic and one rhythmic gymnast experienced oligomenorrhea. BMD in artistic gymnasts was greater than controls (24 -45%, P Ͻ 0.05) in all sites except whole body. BMD in rhythmic gymnasts was greater than controls (4 -26%, P Ͻ 0.05) in all sites except distal radius. In gymnasts, BMD correlated to both maximal muscle strength (0.60 Ͻ r Ͻ 0.85, P Ͻ 0.05) and serum progesterone (0.65 Ͻ r Ͻ 0.75, P Ͻ 0.05). Conclusion: In spite of oligomenorrhea or amenorrhea, it is possible for female gymnasts to maintain a high BMD in both the axial (L2-L4) and appendicular skeleton. The correlations between BMD and maximal muscle strength and progesterone concentration in gymnasts may indicate that within the same athletic group, progesterone concentration has a permissive role in bone formation, thus affecting the positive impact of muscle strength.
I
n Western countries, osteoporosis is an area of growing health concern. The population is aging and more people are becoming physically inactive, both of which lead to a growing incidence of osteoporosis, especially in postmenopausal women. In spite of bone loading exercise, diminished BMD as a part of the female athlete triad (eating disorders, menstrual disturbances, low BMD) is also a matter of serious health concern. In amenorrheic runners, BMD values at a level normally seen beyond menopause, especially in the lumbar spine, have been demonstrated repeatedly (7, 16, 18) .
Weight-bearing activity favors accretion of bone and attainment of a higher peak bone mass, a higher BMD and, from the fourth decade, conservation of bone mass (1) . On the other hand, a low estrogen concentration-as in menopause-is known to have a negative effect on BMD (17) , and so a low estrogen concentration could play a key role in the female athlete triad (7, 16, 22) . Nevertheless, it has also been suggested that the length of the luteal phase and the progesterone concentration could influence bone metabolism (20 -22) .
The interaction between mechanical and hormonal stimuli in bone metabolism is still unsolved. The "mechanostat theory" by H. M. Frost (11) describes a feedback model for the interaction, and he proposes that estrogen controls the threshold level of mechanical strain above which bone formation will turn on. The consequence of a diminished estrogen concentration would thus imply that a higher mechanical strain may be needed to maintain BMD (25) .
In gymnasts, the incidence of menstrual disturbances accompanied by low concentrations of sex hormones is high (19) . However, this does not have the same negative effect on bones as that observed in runners (13, 23) . In gymnastics, the potential osteogenic impact from weight-bearing activity is powerful-up to 11 times body weight (12)-and the skeleton is exposed to strong muscle forces. On the contrary, jogging and running can be characterized as a repetitive, low-strain activity. This difference in strain could be the reason why low sex hormone concentrations do not seem to have the same negative impact in the two sport activities. In the present study, we wanted to examine the relationships between BMD, maximal muscle strength, and concentrations of estrogen and progesterone to evaluate if the mechanical stimuli of gymnastic training could compensate for the expected low concentrations of sex hormones.
school. The gymnasts trained more than 15 h·wk Ϫ1 , and the controls were engaged in low-impact physical activity less than 4 h·wk Ϫ1 . The latter consisted of walking/bicycling as transportation and one-lesson compulsory physical education in upper secondary school.
At the beginning of the study, one artistic gymnast and one control were taking oral contraceptives as a treatment for amenorrhea and oligomenorrhea. For ethical reasons they were permitted to continue oral contraceptive use. Furthermore, the main focus of the study was the relationships between BMD, maximal muscle strength, and concentrations of sex hormones, and in that respect it was seemingly negligible whether the hormones were natural or artificial. None of the subjects were taking any other medication. The study was approved by the Ethical Committee of the county of Copenhagen, and each subject (or one of the parents if the subject was under 18 yr old) gave written informed consent.
Procedures. Initially, all subjects completed a questionnaire that comprised questions about habitual exercise activities, health, sport injuries, past and present menstrual status, weight concerns, and diet. Experiments were performed in the late spring season/summer. On arrival in the afternoon for scanning and blood sampling, the subjects were unfasted and had been physically inactive for the preceding 16 h. BMD (g·cm Ϫ2 ) of whole body (WBBMD), lumbar spine (BMD L2-L4), proximal femur (trochanter, femoral neck), and distal radius were measured in follicular phase in both extremities by dual-energy x-ray absorptiometry (DXA) (DPX-IQ, software version 4.6.6. for WBBMD; and Expert-XL, software version 1.8 for regional measurements; Lunar Corporation, Madison, WI). Body composition was evaluated from the whole body scan. In our laboratory, the coefficient of variance (CV) of the scanning was found to be 1.5%, which is in agreement with the reliability stated by the manufacturer. The same investigator performed all scans.
In order to obtain blood for determination of sex hormones in both follicular phases and luteal phases, the subjects recorded their menstrual status during three consecutive menstrual cycles before the first blood sampling and during the period with blood sampling. Blood samples from the follicular phases were drawn between days 0 and 7 in a menstrual cycle, and blood samples from the luteal phases were drawn in the midluteal phase (defined as the period that goes from two thirds of the menstrual cycle to four fifths of the menstrual cycle). It was aimed to sample blood from three different early follicular and midluteal phases. However, because of irregular cycle lengths in most subjects, only one blood sample was obtained in the midluteal phase. For subjects with amenorrhea, the mean of all blood samples was used both as follicular value and as midluteal value.
Before blood sampling with a Vacutainer setup, the subjects were asked to lie down for half an hour. Samples were drawn from an antecubital vein and immediately cooled down in ice and centrifuged within 2 h. Serum was stored at Ϫ20°C until analysis the following days. Concentrations of total serum estrogen (E 2 ) and serum progesterone (P) were evaluated from the blood sample by heterogeneous competitive magnetic separation immunoassay (MSA), Bayer Immuno 1 System (Bayer Diagnostics, Tarrytown, NY). With this method, the sensitivity of estrogen measurement was 0.04 nmol·L Ϫ1 and the within-run CV was between 2.1 and 8.1%. The sensitivity of the progesterone measurement was 0.32 nmol·L Ϫ1 and the within-run CV was between 2.0 and 9.3%.
Maximal isokinetic muscle strength was measured as peak torque (Nm) (Biodex Multi-Joint System 2 Single Chair, Biodex Medical Systems, Inc., Shirley, NY) in trunk extension, trunk flexion, and right and left knee extension. To achieve maximal muscle strength, the speed was chosen as 60 deg·s Ϫ1 (3). Furthermore, at this speed it was easier for controls to coordinate the movements and thus develop maximal muscle strength. Evaluation of the test-retest reliability of Biodex when measuring peak torque at a rate of 60 deg·s Ϫ1 has revealed an r value of 0.95 (P Ͻ 0.05) (9). Before testing each movement, isokinetic testing procedures were explained and a 2-min warm-up was allowed. The subjects were asked to perform four sets of five maximal knee extensions with the right and left knees and six sets of five maximal trunk extensions and trunk flexions. The peak force of each muscle group was defined as the highest torque produced in one trial; 2-min rest periods were used between every set of contractions.
Statistical analyses. Data were analyzed using SPSS 10.0 software package (SPSS, Inc., Chicago, IL). Analyses included standard descriptive statistics, and group differences were tested with parametric statistics (independent t-test). In description of subject characteristics, values are given as mean (SD), whereas mean (SE) is used to describe an estimated error on measurements. Bivariate correlation analyses were made using the Pearson correlation coefficient. The alpha level was chosen as P Ͻ 0.05 (one-tailed significance). Because the values of the right and left legs showed no difference in either BMD or maximal muscle strength in knee extension, only the values from left leg testing were used in the correlation analyses.
RESULTS

General Group Characteristics
Artistic gymnasts were significantly leaner than both rhythmic gymnasts and controls; thus, the percent body fat of artistic gymnasts was 36% lower than the percent body fat of rhythmic gymnasts (P Ͻ 0.01) and 53% lower than the percent body fat of controls (P Ͻ 0.001) ( Table 1) . Body weight was the same in the three groups.
Training Characteristics
Training history and ongoing time spent with physical activity were similar in both gymnastic groups, but the latter was significantly higher in gymnasts than controls (P Ͻ 0.005) ( Table 2 ). None of the controls had ever been engaged in gymnastic training.
Menstrual Cycle Status and Hormonal Values
The menstrual cycle status was defined as follows: amenorrhea, a menstrual cycle of more than 90 d; oligomenorrhea, a menstrual cycle of 36 -90 d; and eumenorrhea, a menstrual cycle of 21-35 d. One of the three artistic gymnasts with amenorrhea had primary amenorrhea and two had secondary amenorrhea (Table 3) . Gymnasts reported that oligomenorrhea was related to their training load. The only difference in sex hormone concentrations between gymnasts and controls was that artistic gymnasts had 1.9 times lower follicular concentration of serum progesterone (P Ͻ 0.05) ( Table 4) .
Maximal Muscle Strength
Maximal trunk strength was significantly greater in artistic and rhythmic gymnastics groups than the control group, and most so for artistic gymnasts (Fig. 1) . When maximal trunk strength was related to body weight, the differences between gymnasts and controls were even larger (38 -56%), and with this body weight correction artistic gymnasts were now stronger than controls in right (30%, P Ͻ 0.001) and left (18%, P Ͻ 0.01) knee extension and stronger than rhythmic gymnasts in right knee extension (14%, P Ͻ 0.05).
Bone Mineral Density
BMD of artistic gymnasts was greater than controls (P Ͻ 0.05) in all sites except WBBMD. BMD of rhythmic gymnasts was greater than controls (P Ͻ 0.05) in all sites except right and left radius (Fig. 2) . Artistic gymnasts had a higher BMD than rhythmic gymnasts in right (30%, P Ͻ 0.01) and left (50%, P Ͻ 0.001) distal radius. Compared with the reference population given by the DXA software, BMD of controls were in the range of 94 (left radius) to 111% (right femoral neck).
BMD Correlations
Correlation to anthropometrics. There was a significant positive correlation between LBM and WBBMD (r ϭ 0.51) and BMD L2-L4 (r ϭ 0.54) in the whole group of subjects. In artistic gymnasts, percent body fat correlated significantly to WBBMD (r ϭ 0.84), BMD L2-L4 (r ϭ 0.81), and BMD in left femoral neck (LFBMD) (r ϭ 0.82).
Correlation to menstrual history. In gymnasts as well as in the whole group of subjects, all BMD values except LFBMD correlated to age at menarche (0.55 Ͻ r Ͻ 0.75). In artistic gymnasts, no correlations to menstrual history were found.
Correlation to training history. Number of years engaged in competitive training correlated to WBBMD (r ϭ 0.63), LFBMD (0.70), left trochanter (LTBMD) (r ϭ 0.68), and BMD L2-L4 (r ϭ 0.55).
Correlation to sex hormones. In artistic gymnasts, serum progesterone in follicular phase correlated to WBBMD (r ϭ 0.93), LFBMD (r ϭ 0.92), and BMD L2-L4 (r ϭ 0.89) (Fig. 3) . Also, in the combined gymnasts group, serum progesterone in follicular phase correlated to WBBMD (r ϭ 0.73), LFBMD (r ϭ 0.65), and BMD L2-L4 (r ϭ 0.75). In rhythmic gymnasts, serum estrogen in luteal phase correlated to BMD L2-L4 (r ϭ 0.99).
Correlation to maximal muscle strength. Maximal trunk flexion and extension were the strength variables that showed the most consistent positive relationships to BMD, in the whole group of subjects, in gymnasts as one group, and in artistic and rhythmic gymnasts as separate groups (0.70 Ͻ r Ͻ 0.96), but not in controls ( Table 5 ). The strongest correlations were between maximal trunk flexion and BMD L2-L4 (0.80 Ͻ r Ͻ 0.96), and Figure 4 shows this correlation in the whole group of subjects (r ϭ 0.80, P Ͻ 0.01). 
DISCUSSION
In the present study, our main findings were as follows: BMD in Danish female elite gymnasts-artistic and rhythmic-was strongly correlated to maximal muscle strength and was significantly higher than BMD in controls. In artistic gymnasts, BMD was greater than controls in all sites except whole body BMD, whereas in rhythmic gymnasts BMD was greater than controls in every site except distal radius. BMD was greater in artistic than rhythmic gymnasts in distal radius only, which might reflect the high osteogenic impact on the arms and hands in artistic gymnastics (e.g., in vaulting). BMD was unrelated to menstrual status. However, in both artistic gymnasts and in all gymnasts combined, WBBMD, LFBMD, and BMD L2-L4 correlated significantly to progesterone concentration in follicular phase, and in rhythmic gymnasts BMD L2-L4 correlated to estrogen in luteal phase. These correlations could indicate that sex hormone concentrations influence BMD in gymnasts with menstrual disturbances.
Other studies have reported a similar high BMD in gymnasts (8, 14, 23, 24) . Kirchner et al. (14) found that gymnasts with menstrual disturbances did not have a lower BMD than eumenorrheic gymnasts and, compared with a control group, the gymnasts had a higher BMD in both axial and appendicular skeleton. Robinson et al. (23) compared BMD in a group of runners and gymnasts, and found higher BMD in gymnasts, and when compared by athletic group, BMD at any site did not differ between athletes with different menstrual status. Compared with volleyball players, swimmers, and controls, Fehling et al. (8) found higher BMD in a group of gymnasts with menstrual disturbances. Because these studies did not include blood sampling, the sex hormonal status of the subjects was estimated from menstrual status.
Other studies have included measurement of sex hormone concentrations. In studies of runners with menstrual disturbances (20 -22) it has been demonstrated that spine BMD was correlated to luteal progesterone, and Prior and Prior et al. have suggested that luteal progesterone stimulates bone formation (21, 22) . This correlation is partly in agreement with our results, although we found a correlation to follicular instead of luteal progesterone. In contrast to these findings, De Souza et al. (6) investigated BMD in female runners with estrogen concentrations in the normal range and found a correlation to estrogen, as we found in rhythmic gymnasts. On the basis of these findings, we speculate that progesterone limits BMD if sex hormone concentrations are low, whereas estrogen is the limiting factor if sex hormone concentrations are normal.
In some studies, a measure of sex hormone status was derived from menstrual status; with this approach, low sex hormone concentrations did not seem to affect BMD in gymnasts (19, 23) . However, from the present data, it is apparent that menstrual status is an inadequate measure of sex hormone concentrations, and to avoid erroneous conclusions it is therefore necessary to measure concentrations of estrogen and progesterone whenever the mechanisms of hormone-bone interaction are in question.
On the basis of the high correlations in artistic gymnasts between WBBMD and follicular serum progesterone (r ϭ 0.93, P Ͻ 0.01) and percent body fat (r ϭ 0.84, P Ͻ 0.01), it seemed prudent to test if progesterone and percent body fat might be related. When the single artistic gymnast with primary amenorrhea is excluded in the statistic calculations, the correlation between percent body fat and follicular progesterone was very high (r ϭ 0.91, P Ͻ 0.05). This supports the hypothesis that percent body fat-as a signal of energy status-could be an important permissive factor for attainment of a normal sex hormone status (2, 4, 10) . In other words, the negative effect of a low percent body fat on BMD could be indirect, mediated through a low progesterone concentration.
In gymnasts, the positive correlations between maximal muscle strength and appendicular as well as axial BMD, ranging from 0.60 to 0.90, could indicate that the current bone loading exercise and/or the muscle activity involved are the most important factors affecting BMD in elite gymnasts of this age. When rhythmic and artistic gymnasts are analyzed separately, there tends to be a more tight relation- ship between BMD and maximal muscle strength in the latter group. The positive correlations between BMD and maximal muscle strength were not apparent in the controls as a separate group, suggesting that the strain must be heavy to induce an osteogenic effect (15) . In contrast to runners who experience a repetitive, low level of stress (three to four times body weight), gymnastics involves a variety of exercises with a high impact on the bones because of muscle contractions and ground reaction forces. Artistic gymnastics especially places heavy loading on the skeleton, when the gymnasts are performing exercises such as single and double somersaults and dismounts from the uneven bars and balance beam. In some instances, ground reaction forces of up to 11 times body weight have been reported (12) . Compared with artistic gymnastics, the ballet-like movements of rhythmic gymnastics place a lower stress on the skeleton, though still higher than in running. To our knowledge, the ground reaction forces involved in rhythmic gymnastics have not been evaluated, but around five times body weight may be possible (similar to basketball and volleyball (12) ). This difference in loading between artistic and rhythmic gymnastics could be one reason for the difference in BMD and the relationship to maximal muscle strength in the two gymnastic groups in the present study.
In addition to the magnitude of the dynamic impact, Lanyon (15) emphasizes that the rate of change and the variety of strain (shear, compression, and rotation) are important factors in osteogenesis, stressing that a repetitive type of activity has only a low potential effect on bone formation. This could be the reason why amenorrheic gymnasts are able to maintain a high BMD, whereas amenorrheic runners are not (8, 14, 23) .
In conclusion, it is apparent from our results that, in spite of oligomenorrhea or amenorrhea, it is possible for female gymnasts to maintain a BMD that is correlated to maximal muscle strength and within the normal range or even higher than in a normal population. This relationship was most pronounced in artistic gymnasts. Furthermore, we found a strong correlation to progesterone concentration in the follicular phase, which indicates that within an athletic group with the same kind and volume of training, progesterone concentration still has a permissive role in bone formation. Future prospective studies on larger groups of athletes are needed to elucidate what kind of specific training gives the optimal stimuli on the skeleton and which intrinsic mechanisms lie behind the interaction of mechanical and biochemical effects on bone metabolism and the development of low BMD or osteoporosis.
